Glioblastoma multiforme (GBM) is the most malignant and lethal form of astrocytoma. The GBM patient survival time of approximately 1 year necessitates the identification of novel molecular targets and more effective therapeutics. Cadherin-11, a calcium-dependent cell-cell adhesion molecule and mesenchymal marker, plays a role in both normal tissue development and in cancer cell migration. The functional significance of cadherin-11 in GBM has not been investigated. Here, we show that cadherin-11 is expressed in human GBM tumors and human glioma stem-like cells by immunohistochemical labeling. In addition, we show that cadherin-11 is expressed in human glioma cell lines by immunoblotting. Short hairpin RNA-mediated knockdown of cadherin-11 expression in human glioma cell lines results in decreased migration and growth factor-independent cell survival in vitro. More importantly, knockdown of cadherin-11 inhibits glioma cell survival in heterotopic and orthotopic mouse xenograft models. Together, our results show the functional significance of cadherin-11 expression in GBM and provide evidence for a novel role of cadherin-11 in promoting glioma cell survival in an in vivo environment. Thus, our studies suggest cadherin-11 is a viable molecular target for therapeutic intervention in GBM.
Introduction
Glioblastoma multiforme (GBM), classified as grade IV astrocytoma by the World Health Organization, constitutes the most common and highly malignant form of intracranial glioma tumor (1, 2) . The primary treatment option for GBM is surgery followed by chemotherapy and/or radiation (1) . In spite of advances in therapeutic and diagnostic research, GBM patients have a survival time of approximately 1 year postdiagnosis (1) . GBM cells are highly dispersive, can proliferate extensively, and migrate throughout the brain parenchyma contributing to the lethality of this disease (1, 2) . Therefore, identification of novel molecular targets regulating migration and survival pathways in GBM is essential for development of targeted therapeutics.
The heterogeneity of GBM at the cellular level hinders our understanding of the disease rendering the design and development of effective therapeutic strategies difficult (1, 3, 4) . To understand the molecular changes in GBM, several groups have studied the global gene expression profiles and genetic alterations that drive tumor aggressiveness in GBM (4) (5) (6) (7) (8) (9) . Recently, GBM has been classified into 4 subtypes: proneural, neural, classical, and mesenchymal based on a comprehensive analysis of The Cancer Genome Atlas (TCGA) data set (10) . The mesenchymal phenotype is associated with the increased migration and invasion of GBM cells (11) . Conversion of neural cells into cell types showing a mesenchymal phenotype has been shown in brain neoplasms (4, 11) . In addition, gene expression profiles from GBM patients with a poor prognosis showed overexpression of genes associated with the mesenchymal lineage (4) . Multiple glioma cell lines derived from human GBM, including U-87 MG, express genes associated with a mesenchymal phenotype (11) .
During tumor progression, cadherin switching occurs-a process wherein expression of epithelial E-cadherin is switched to mesenchymal-associated cadherins such as N-cadherin and cadherin-11 (12, 13) . Cadherins are a major class of cell-cell adhesion molecules that interact with catenins to regulate adhesion and migration (14) (15) (16) . Thus, the cadherin-catenin complex plays important roles in regulating biological processes such as the rearrangement of actin cytoskeleton and gene transcription to control tissue morphogenesis (14) (15) (16) (17) (18) . Cadherin-11 (also called OB-cadherin or CDH11) was initially identified in mouse osteoblasts (19) and is expressed in normal mesoderm-derived tissues during development, including mesenchymal cells in the kidney and brain (20) . In addition, cadherin-11 is expressed in multiple cancers including breast, prostate, colon, gastric, renal cell, and osteosarcoma (21) (22) (23) (24) (25) (26) (27) (28) . Cadherin-11 plays a role in tumor invasion and progression (17, 29, 30) . Cadherin-11 expression in malignant breast and prostate cancer is associated with increased invasiveness and poor prognosis (24, 27, 28) . In addition, cadherin-11 expression is suggested to promote homing and metastasis of breast and prostate cancer cells to bone in experimental models (31, 32) . Recently, cadherin-11 has been implicated in regulating migration in glioma cells in vitro (33) . The functional importance of cadherin-11 in regulating glioma migration and cell survival in vivo has not yet been investigated.
In this study, we show that cadherin-11 is expressed in the center and edge of human GBM tumors, human glioma progenitor-like cells and in 2 commonly used human glioma cell lines, U-87 MG and LN-229. Short hairpin RNA (shRNA)-mediated knockdown of cadherin-11 in U-87 MG and LN-229 glioma cells decreased cell migration in vitro. In addition, shRNA-mediated reduction of cadherin-11 expression in U-87 MG and LN-229 glioma cells significantly decreased survival in vitro in growth factor-independent colony formation assays. Remarkably, shRNA-mediated knockdown of cadherin-11 in U-87 MG cells significantly reduced tumor size while it completely inhibited survival of LN-229 glioma cells in tumor xenografts in vivo. Our data show a novel function for cadherin-11 in regulating glioma cell survival in vitro and in vivo, implicating cadherin-11 as a potential therapeutic target in GBM.
Materials and Methods

Cell culture
The human glioma cell lines, U-87 MG and LN-229, were obtained from the American Type Culture Collection (ATCC) and maintained in a humidified atmosphere of 5% CO 2 at 37 C in Dulbecco's Modified Eagle's Medium (DMEM; Invitrogen) supplemented with fetal bovine serum (10% for U-87 MG and 5% for LN-229; HyClone) and antibiotic-antimycotic (Invitrogen). The cell lines are authenticated by ATCC with tests such as short tandem repeat profiling.
Human brain tissue extraction
Cortical surface and tumor tissue from human patients were resected as described previously (34) using approved protocols from the University Hospitals Case Medical Center and Case Comprehensive Cancer Center's Institutional Review Board.
Lentiviral infection
Lentiviral shRNA construct TRCN0000054336 (SigmaAldrich) that targets a region in the extracellular domain of human cadherin-11 mRNA was used to suppress cadherin-11 expression. pLKO.1 (Sigma-Aldrich), a lentiviral control shRNA construct was used as a control for TRCN0000054336. A lentiviral construct encoding GFP was synthesized by inserting the GFP coding sequence (35) into the pCDH1-MCS2 Cloning and Expression Vector (System Biosciences). Production of lentivirus and infection of U-87 MG and LN-229 glioma cells was carried out as previously described (36) . RETRO-tek HIV-1 p24 Antigen ELISA (ZeptoMetrix Corporation) was used to titer lentiviruses. A protocol from Sigma-Aldrich was used to compute the concentration of HIV-1 p24 antigen and transducing units per milliliter (TU/mL) for every picogram of p24 antigen. U-87 MG and LN-229 cells plated at a density of 2 Â 10 5 were infected with 2.07 Â 10 6 TU of lentivirus encoding control or cadherin-11 shRNA. Reduction in cadherin-11 protein levels following infection with lentivirus encoding cadherin-11 shRNA was examined by immunoblotting.
Immunoblotting
Cell lysates were prepared by incubating the cells in a buffer containing 100 mmol/L Tris pH 7.5, 1% Triton X-100, 0.1% SDS, 140 mmol/L NaCl, 0.5% sodium deoxycholate, 5 mmol/L EDTA, protease inhibitors (1 mmol/L benzamidine, 5 mg/mL aprotinin, 5 mg/mL leupeptin, and 1 mg/mL pepstatin A), and phosphatase inhibitors [(1 mmol/L sodium fluoride (NaF) and 1 mmol/L sodium orthovanadate (NaVO 3 )] on ice for 30 minutes. After centrifugation at 10,000 rpm for 3 minutes, the supernatant was resolved by SDS-PAGE and transferred onto nitrocellulose membrane. Cadherin-11 expression was analyzed by immunoblotting with monoclonal antibodies to cadherin-11 (Invitrogen), which recognize the intracellular portion of human cadherin-11 protein. Anti-vinculin antibodies were purchased from Sigma-Aldrich. Primary antibodies were detected by goat anti-mouse secondary antibodies conjugated to horseradish peroxide (Jackson Immuno Research Laboratories, Inc.). Secondary antibodies were detected by chemiluminescence (GE Healthcare) using an Image QuantÔ LAS 4000 digital imaging system (GE Healthcare). Densitometry analysis was conducted with Image J software (37) .
Scratch wound assay
U-87 MG and LN-229 glioma cells were infected with lentivirus encoding control or cadherin-11 shRNA. Three days postinfection, the monolayer of cells was scratched with a pipette tip to form a wound. Cells were imaged at time 0 and 24 hours postscratching. The data were analyzed to quantify cell migration as previously described (36) .
Spot assay
We developed a new quantitative method for analyzing cell migration in vitro. U-87 MG and LN-229 glioma cells infected with lentivirus encoding control or cadherin-11 shRNA were trypsinized and resuspended at a concentration of 2.5 Â 10 4 cells per microliter in DMEM (Invitrogen). Cells (2 mL) resuspended in DMEM and diluted 1:1 in 4 mg/mL growth factor reduced BD MatrigelÔ Matrix (BD Biosciences) were pipetted as a spot in a tissue culture dish and incubated at 37 C for 5 minutes to gel. Medium was added and the spot was imaged as day 0 image with a 20Â objective on a Leica DMI 6000 B automated inverted microscope (Leica Microsystems GmbH using a Retiga EXi camera (QImaging). Medium was changed each day to ensure a constant supply of nutrients and to prevent growth arrest of cells. The spot was reimaged after 3 days (for U-87 MG) and 4 days (for LN-229) to assess the migration of cells. Each spot was imaged by taking multiple, automated, sequential images with Scan Slide feature in MetaMorph software (Molecular Devices) to image the entire area covered by the spot at day 0 and also the area covered by the migrating cells away from the spot in 3 and 4 days. These multiple images were stitched together with MetaMorph software to give 1 complete image of the spot.
To quantitate cell migration away from the spot, MetaMorph software was used. Briefly, images taken at the 0 and 3 or 4 day time points were pseudocolored in 2 different colors and overlayed to outline the boundary of the day 0 spot. The extent of cell migration was analyzed by measuring the distance migrated by the cells away from the initial spot in micrometers. Ten measurements per spot and a minimum of 3 spots per condition were averaged. The data were plotted with Microsoft Excel to determine the distance migrated by the leading edge of the cells at the 3 or 4 day time point.
Colony formation assay
U-87 MG and LN-229 glioma cells were infected with lentivirus encoding control or cadherin-11 shRNA. Three days postinfection, cells were trypsinized and plated at low density. Cells were allowed to form colonies for 14 days under growth factor-deprived conditions after which plates were stained with crystal violet to visualize colonies as previously described (38) .
Heterotopic xenograft tumors implanted in mouse flank
NIH athymic nude female mice (NCr-nu/þ and NCrnu/nu) were maintained according to institutional policies in the Animal Core Facility at Case Western Reserve University. Approved protocols from the Institutional Animal Care and Use Committee were followed for all animal procedures. U-87 MG and LN-229 cells coinfected with lentivirus encoding either control or cadherin-11 shRNA and GFP for 3 days were trypsinized and resuspended in PBS at a concentration of 2 Â 10 4 cells per microliter. Cells resuspended in PBS were diluted in BD MatrigelÔ Matrix (BD Biosciences). A total of 250 to 280 mL of the cell and Matrigel mixture (0.8 Â 10 6 and 1.5 Â 10 6 total number of cells for U-87 MG and LN-229 cells, respectively) was injected subcutaneously into the right flank region of athymic nude mice (6-8 weeks old). Live anesthetized animals were imaged for bright-field and GFP fluorescence on 1, 5, 15, 10, and 20 days posttumor implantation to assess tumor growth in vivo using the Maestro FLEX In Vivo Imaging System with appropriate filters for GFP (tumor; excitation ¼ 445-490 nm, emission ¼ 515 nm long pass filter, acquisition settings ¼ 500-720 in 10 nm steps). Acquisition settings were 120 ms for GFP and bright-field images. The background autofluorescence spectra from nontumor regions of the flank were collected. The multispectral fluorescence images were background subtracted and unmixed with Maestro software (Cambridge Research and Instrumentation, Inc.) to detect the GFP signal from the fluorescent tumor cells. Three weeks after injection of the tumor cells, animals were sacrificed and imaged as described above. The tumors were then excised and measured with calipers (Fine Science Tools, Inc.). Tumor volume was computed from the length, width, and height measurements. Excised flank tumors were then snap frozen on dry ice for transport and frozen for sectioning to carry out immunohistochemistry.
Immunohistochemistry
Excised flank tumors or brains injected with GFP-expressing tumor cells were fixed in 4% paraformaldehyde in PEM buffer (80 mmol/L pipes, 1 mmol/L magnesium chloride, and 3% sucrose) at pH 7.4. The fixative was washed off with PBS, and the flank tumors and brains were incubated sequentially in 10% sucrose in PBS, 25% sucrose in PBS, and then embedded in Tissue Freezing Medium (TFM, Electron Microscopy Sciences). Flank tumors were then sectioned at 7 mm intervals and labeled with anti-human vimentin rabbit monoclonal antibody (NeoMarkers) to detect human tumor cells. After washing off TFM with water, the sections were incubated in block buffer containing PBS, 2% goat serum, 0.25% saponin, and 0.5% bovine serum albumin to permeabilize the cells and block nonspecific binding. Tissue sections were then incubated with antihuman vimentin primary antibodies overnight at 4 C that were detected by incubating with AlexaFluor Ò 568 conjugated goat anti-rabbit (Invitrogen) secondary antibodies for 1.5 hours at room temperature. Sections were then coverslipped with Citifluor Antifadent Mounting Medium, AF1 (Electron Microscopy Sciences) and imaged. Fluorescent images were taken with a 20Â objective using a Leica DMI 6000B automated inverted microscope (Leica Microsystems Inc.) fitted with a Retiga EXi camera (QImaging). Formalinfixed paraffin-embedded human tumor tissue and normal cortical surface tissue sections were immunolabeled with anti-human cadherin-11 (LifeSpan BioSciences, Inc.). Briefly, sections were deparaffinized by sequential washes in xylene and ethanol and then subjected to antigen retrieval by heating in sodium citrate buffer (pH 6.0) at 100 C for 18 minutes. The sections were allowed to cool for 20 minutes and incubated in block buffer as mentioned above. Subsequently, sections were labeled with anti-human cadherin-11 primary antibody overnight at 4 C and detected by AlexaFluor 568 conjugated goat anti-rabbit (Invitrogen) secondary antibody by incubation for 1.5 hours at room temperature. Fluorescent images were taken with a 20Â objective as described above.
Sequential 20 mm thick, frozen sections of mouse xenograft tumors formed from CD133 þ -enriched neurospheres of human GBM tumors were immunolabeled with antihuman vimentin and cadherin-11 antibodies as described above following antigen retrieval.
Orthotopic xenograft tumors implanted intracranially in mice U-87 MG and LN-229 cells infected with lentivirus encoding control or cadherin-11 shRNA and GFP were injected intracranially into athymic nude mice as described previously (34) . For implantation, infected cells were resuspended in PBS at a concentration of 12,500 cells per microliter. Three weeks postimplantation, the animals were sacrificed, whole brains were excised and imaged with the Maestro FLEX In Vivo Imaging System. The acquisition settings used for U-87 MG intracranial tumors were 10 ms exposure for GFP fluorescent images. The acquisition settings used for LN-229 intracranial tumors were 75 ms exposure for GFP fluorescent images. The position of the injection site was determined by comparing sections containing GFP fluorescence to the bright-field images. The images were analyzed as described above.
Xenograft tumors of primary human glioma stem-like cells (CW 421) implanted intracranially in mice
Cultures enriched in glioma stem-like cells (GSC) were isolated from a patient with newly diagnosed GBM as previously described (39) . The patient provided informed consent under a protocol approved by University Hospital Case Medical Center Institutional Review Board. The tumor was dissociated by papain dissociation system (Worthington Biochemical Corp.) and filtered with a 70-mm cell strainer to remove undissociated tissue according to the manufacturer's instructions. Cells were cultured in stem cell culture medium supplemented with B27 (without vitamin A; Invitrogen), EGF (10 ng/mL), and bFGF (10 ng/mL). Cells were then cultured for 24 or 48 hours to recover surface antigens. CD133 þ cells were derived by separation with magnetic cell sorting columns using microbead-conjugated CD133 antibodies (Miltenyi Biotec Inc.). The stem-like nature of the CD133 þ cells was confirmed based on the criterion of proliferation, replication, limited dilution assay, serum induced differentiation, and tumorigenicity of CD133 þ -enriched neurospheres in nude mice. For this study, an alliquot of 300,000 neurospheres was spun down and washed twice with PBS and implanted intracranially into nude mice at a concentration of 1 Â 10 5 cells per microliter for a total of 3 Â 10 5 cells in accordance with Case Western Reserve University Institutional Animal Care and Use Committee approved protocol to Andrew E. Sloan. Mice were maintained until animals exhibited morbidity or neurologic symptoms. Brains of euthanized mice were collected and fixed in 4% paraformaldehyde (Electron Microscopy Sciences) and cryoprotected in ascending amounts of sucrose. The brains were embedded in OCT and sectioned into 20 mm sections and subjected to immunohistochemical labeling as described above.
Statistical analyses
Data were collected from at least 3 independent experiments. For in vivo experiments, data were analyzed from at least 3 animals injected per condition. Error bars denote SE, and statistical significance was assessed by an unpaired Student t test.
Results
Analysis of cadherin-11 expression
To understand the role of cadherin-11 in GBM, we searched the Oncomine database (40) for Cadherin-11 mRNA expression in normal brain versus glioblastoma. Three independent studies showed a 1.819-, 2.504-, and 2.091-fold increase, respectively, in Cadherin-11 expression in glioblastoma compared with normal brain (40) (41) (42) (43) . To analyze the importance of the cadherin-11 protein in GBM, we carried out immunohistochemical labeling of sections from human GBM (center and edge of tumor) and normal cortical surface samples from the same patient. Samples from 3 different patients were analyzed. Data from 3 patients showed increased expression of cadherin-11 in the center and edge of the tumor compared with the normal cortical surface (Fig. 1A) indicating that cadherin-11 may have an important function in GBM. Because human GBM tumors are proposed to arise from GSCs, cadherin-11 may be expressed in the glioma stem-like tumor-initiating cells. To test this hypothesis, we carried out immunolabeling for cadherin-11 expression in intracranial xenograft tumor sections that were prepared by injecting CD133 þ -enriched neurospheres developed from human GBM tumors into the brains of athymic nude mice. The sections were also labeled with anti-human vimentin antibody to visualize injected human tumor cells (Fig. 1B) . The higher expression of cadherin-11 in the vimentin-positive human GSCs depicts the importance of cadherin-11 in GBM (Fig. 1B) . In addition, we analyzed cadherin-11 protein expression by immunoblotting lysates from 2 distinct human glioma cell lines, U-87 MG and LN-229. Cadherin-11 was expressed in both glioma cell lines (Fig. 1C) . To directly investigate the role of cadherin-11 in GBM, we used shRNA to reduce cadherin-11 expression. U-87 MG and LN-229 glioma cells were infected with lentivirus encoding control or cadherin-11 shRNA. Three days postinfection, cell lysates were immunoblotted for cadherin-11 (Fig. 1C) . Densitometry analysis of immunoblots comparing cadherin-11 protein levels in control shRNA-expressing cells to those expressing cadherin-11 shRNA showed a 77% and 93% reduction in cadherin-11 expression in cadherin-11 shRNA- expressing U-87 MG and LN-229 glioma cells, respectively (Fig. 1C) .
Cadherin-11 regulates glioma cell migration in vitro
Cadherin-11 is expressed in various cancers including breast and prostate cancer, in which expression of cadherin-11 is associated with increased migration and invasion (reviewed in ref. 44 ). To understand the role of cadherin-11 in GBM migration, we carried out scratch wound assays with U-87 MG and LN-229 glioma cells that are migratory in vitro (45) . Confluent monolayers of U-87 MG and LN-229 cells expressing control or cadherin-11 shRNA were scratched with a pipette tip to form a wound. Migration of cells into the wound was measured over time by acquiring images at 0 and 24 hours postscratch ( Fig. 2A and B) . U-87 and LN-229 glioma cells expressing control shRNA migrated over a period of 24 hours to fill the wound ( Fig. 2A and B) . However, U-87 MG and LN-229 cells expressing cadherin-11 shRNA failed to migrate into the wound and showed a 54.26% AE 3.32% and 78.39% AE 2.55% (P < 0.0001) decrease, respectively, in the distance migrated ( Fig. 2A and   B) , showing that cadherin-11 expression is necessary for glioma cell migration in vitro.
In the scratch wound assay, the cells migrate in a 2-dimensional tissue culture environment. However, in human tumors and in xenograft models of glioma in vivo, the tumor cells grow and migrate in a complex 3-dimensional environment. In an in vivo tumor mass, cells are at high density wherein cell-cell interactions exist and cells migrate away from the tumor during dispersal or invasion. We hypothesized that cadherin-11 may be an important regulator of the cell-cell interactions that occur in 3-dimensional tissues. To mimic these 3-dimensional conditions in vitro, we developed a novel spot assay to study cell migration. U-87 MG and LN-229 glioma cells infected with lentivirus encoding control or cadherin-11 shRNA for 3 days were mixed with Matrigel and spotted on a tissue culture plate followed by addition of media ( Fig. 3A and B) . Matrigel provides a 3-dimensional environment at the beginning of cell migration. Images were taken immediately after spotting (day 0 time point), and medium was changed each day for 3 days (for U-87 MG) and 4 days (for LN-229) to supply nutrients to the migrating cells continuously. Spots were reimaged on days 3 (for U-87 MG) and 4 (for LN-229), and the distance migrated by the cells away from the spot was quantitated. U-87 MG and LN-229 cells expressing control shRNA migrated a distance of 834.26 and 509.68 mm, respectively ( Fig. 3A and B) . In contrast, U-87 MG cells expressing cadherin-11 shRNA migrated a distance of 417.13 mm, a 50.38% AE 4.37% (P < 0.001) decrease in migration compared with controls. LN-229 cells expressing cadherin-11 shRNA failed to migrate and remained in the spot (Fig. 3A and B) . At day 4, LN-229 cells expressing cadherin-11 shRNA also had an overall decrease in cell number due to reduced survival (Fig. 3B) . These data provide further support that cadherin-11 expression is required for glioma cell migration in a 3-dimensional environment in vitro.
Cadherin-11 regulates glioma cell survival in vitro
During tumor progression, cells that disperse away from the main tumor are able to survive in suboptimal environments by depending on their own autocrine/paracrine signaling to form secondary tumor masses. Because U-87 MG and LN-229 glioma cells express cadherin-11, we hypothesized that cadherin-11 may function in glioma cell survival. To directly test this possibility in vitro, we conducted a growth factor-independent colony formation assay. U-87 MG and LN-229 glioma cells infected with lentivirus encoding control or cadherin-11 shRNA were plated at low density ( Fig. 4A and B ) and allowed to grow for 2 weeks without replenishing the medium to test their ability to survive in the absence of exogenous growth factors. Fourteen days postplating, colonies were stained with crystal violet and quantitated. U-87 MG and LN-229 glioma cells expressing control shRNA formed abundant colonies (Fig. 4C and D) . In contrast, following cadherin-11 knockdown, both U-87 MG and LN-229 glioma cells had a significant reduction in colony formation of 94.76% AE 3.79% and 99.74% AE 0.01% (P < 0.0001), respectively ( Fig. 4C and D) . These data suggest that cadherin-11 is required for glioma cell survival in vitro.
Cadherin-11 regulates glioma cell survival in vivo
To investigate whether cadherin-11 is required for glioma cell survival in an in vivo environment, U-87 MG and LN-229 glioma cells coexpressing control or cadherin-11 shRNA and GFP were mixed with Matrigel and injected subcutaneously into the right flank region of nude mice. Tumors were allowed to grow for 3 weeks during which tumor growth was assessed by imaging the tumors for GFP fluo- formed by U-87 MG and LN-229 cells expressing control shRNA, those expressing cadherin-11 shRNA had a significant reduction in tumor volume (70.32% AE 1.23% decrease for U-87 MG, 80.86% AE 4.49% decrease for LN-229, P < 0.0001; Figs. 5B and 6B). To study the tumor architecture, frozen tumor sections were immunolabeled with anti-human vimentin antibodies to distinguish mouse host cells from implanted human tumor cells (Figs. 5C and 6C ). Tumors expressing GFP and control shRNA showed densely packed GFP-positive tumor cells (Figs. 5C and 6C ). In contrast, tumors formed by cells in which cadherin-11 was knocked down had very few surviving cells as evidenced by both GFP and vimentin staining scattered in the Matrigel, which formed the bulk of the tumor (Figs. 5C and 6C) .
To test the influence of cadherin-11 knockdown on cell survival in an orthotopic environment, U-87 MG and LN-229 glioma cells coinfected with lentivirus encoding control or cadherin-11 shRNA and GFP were injected intracranially in the striatum in athymic nude mice. Three weeks postinjection, excised whole brains were imaged for GFP fluorescence to assess tumor growth. U-87 MG and LN-229 cells expressing control shRNA formed large tumors as assessed by the amount of GFP fluorescence at the injection site ( Fig. 7A and C) . In contrast, U-87 and LN-229 glioma cells in which cadherin-11 expression was knocked down with shRNA did not form a tumor and showed a complete absence of GFP fluorescence in the striatum (Fig. 7A, B, C, and D) . However, U-87 MG cells expressing cadherin-11 shRNA had a tiny dot of fluorescence (Fig. 7A) , which corresponded with a small cluster of GFP-expressing cells at the site of injection (Fig. 7B) . No tumors were detected in the striatum or near the corpus callosum in sections from brains injected with U-87 MG or LN-229 cells expressing cadherin-11 shRNA (Fig. 7B and D) . Together, these data show that cadherin-11 is required for the survival of glioma cells in vitro as well as in heterotopic and orthotopic sites in vivo.
Discussion
Cadherins are a class of calcium-dependent cell-cell adhesion molecules that interact with catenins (a-, b-, and g-catenin). Association of an intact cadherin-catenin complex with the actin cytoskeleton is essential for cadherinmediated cell-cell adhesion (reviewed in ref. 15 ). Cell-cell adhesion, a process important for determining cell polarity and maintaining tissue architecture, is disrupted during tumorigenesis by multiple genetic and epigenetic alterations leading to increased motility and invasiveness of tumors (44) . Cadherins are also important players in epithelial-mesenchymal transition (EMT), a process that occurs during both normal embryonic development and cancer progression (46) (47) (48) . During normal tissue morphogenesis, EMT promotes plasticity of epithelial cells (47) . Tumor cells activate EMT to gain characteristics of the mesenchymal phenotype including increased motility and invasiveness, stem cell-like characteristics as well as greater resistance to apoptosis, senescence, and therapeutic drugs (46) (47) (48) (49) . Identification of molecular markers upregulated during EMT to promote malignancy and aggressiveness of tumors could be used to develop targeted therapies. Several global gene profiling studies have identified an aberrant mesenchymal lineage in GBM (4-9) that could contribute to the increased invasive capacity of GBM tumors. During the development of a mesenchymal phenotype through EMT in tumor progression, loss of E-cadherin expression is often associated with expression of mesenchymal cadherins such as N-cadherin or cadherin-11. This phenomenon, known as cadherin switching, occurs in breast, prostate, gastric, and pancreatic cancers (12, 13, 44) . N-cadherin expression in tumors promotes cell migration, invasion, and survival (50). Cadherin-11, a cell surface biomarker of EMT (47) , is expressed in multiple normal tissues including mesenchymal tissues of the brain during development (51) . In highly malignant forms of breast and prostate cancer, cadherin-11 expression increases migration and invasion of tumor cells (24, 27, 28, 52) . In addition, in prostate cancer cells, expression of cadherin-11 increases association with osteoblasts and homing to the bone (52) . In this study, we cited increased expression of Cadherin-11 mRNA (40-43) in human GBM tumors compared with normal brain and also observed an increase in cadherin-11 protein expression in human GBM tumors compared with normal brain (Fig. 1A) . Cadherin-11 protein was also expressed in the 2 human glioma cells lines tested (Fig. 1C) . In addition, increased expression of cadherin-11 protein in human GSCs (Fig. 1B) emphasizes the importance of cadherin-11 in human GBM. We hypothesized that cadherin-11 may play a role in either maintaining or promoting the malignant, dispersive state of GBM. A previous study by Zhou and colleagues (53) analyzed the expression of cadherin-11 in normal brains compared with astrocytoma samples from human patients by immunoblotting. In their article, Zhou and colleagues observed cadherin-11 expression in normal brain. An abundance of cadherin-11 in the normal brain may be due to the presence of various cell types that express cadherin-11 such as neurons and vascular endothelial cells. Grades II and III astrocytoma have no cadherin-11 expression, whereas grade IV astrocytoma or GBM have increased cadherin-11 expression. Interestingly, comparison of Cadherin-11 mRNA expression in GBM versus other types of astrocytomas showed a 1.735-fold increase in Cadherin-11 in the data analysis from Oncomine (40, 54) . This again suggests the importance of cadherin-11 in GBM. Interestingly, studies in other tumor types such as osteosarcoma suggest reduced levels of CDH11 are important in tumor metastasis and implicate CDH11 as a prognostic marker of osteosarcoma patient survival (55) . Cadherin-11 expression is associated with increased invasiveness in breast and prostate cancer tumors (24, 27, 28) . Our results show that shRNA-mediated reduction of cadherin-11 inhibits glioma cell migration in vitro (Fig. 2 and 3 ) suggesting cadherin-11 is a proinvasive factor in gliomas. However, one study reported cadherin-11 inhibits cell invasion in vitro in A172 glioma cells (33) . The literature presents other similar discrepancies in different cell types with respect to the role of cadherin-11 in migration and invasion. For example, overexpression of cadherin-11 in the SKBR3 breast carcinoma cell line decreased their invasiveness (21) . In contrast, overexpression of cadherin-11 in the BT-20 breast carcinoma cell line increased their invasive capacity (56) . Interestingly, coexpression of full-length cadherin-11 with a splice variant form of cadherin-11 (that has a truncated C-terminus) increased invasiveness of SKBR3 cells in vitro (21) . Thus, the effect of an increase or reduction in cadherin-11 levels on cancer cell migration likely depends upon the cell and tumor type.
The lethality of GBM is attributed to the ability of GBM cells to proliferate and disperse rapidly throughout the brain. To form secondary tumor masses, dispersed GBM cells need to depend on their own autocrine/paracrine signaling mechanisms to survive at a new site. In our studies, knockdown of cadherin-11 significantly reduced the ability of glioma cells to survive in vitro and form colonies in the absence of exogenous growth factors (Fig. 4) . Importantly, reduction of cadherin-11 in glioma cells significantly reduced the formation of flank and intracranial xenograft tumors in vivo (Figs. 5, 6 , and 7). Future studies are required to explore the molecular mechanism by which cadherin-11 promotes glioma cell migration and survival. In conclusion, our studies show cadherin-11 to be a promigratory and prosurvival factor in gliomas. Therefore, development of specific inhibitors blocking cadherin-11 function could be a potential strategy to reduce the aggressiveness and lethality of GBM tumors.
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